The pattern of pulmonary blood flow was studied in three patients after a total cavopulmonary shunt procedure. Doppler studies showed a phasic pattern of flow which varied with the respiratory cycle. 
preclude a biventricular repair. Abnormalities of systemic venous drainage are common in these patients; thereis-usually no intrahepatic portion of the inferior vena cava and systemic venous blood from the lower body drains to a superior vena cava via an azygos or hemiazygos vein.2 Anastomosis of the superior vena cava (or venae cavae) to the pulmonary arteries thus provides a "physiological" correction of the circulation. Unlike the Fontan procedure and its modification, however, the right side of the heart is completely bypassed, with only venous blood from the coronary sinus and liver draining directly to the atria. Thus pulmonary blood flow occurs without the direct influence of a pumping chamber between systemic veins and pulmonary artery. Despite the uniqueness of this circulation, there is little known about the pattern of pulmonary blood flow in these patients.'
We used Doppler echocardiography to show the pattern of pulmonary blood flow at rest. We also examined how changes in intrathoracic pressure induced by the Mueller and Valsalva manoeuvres affected this pattern.
Patients and methods Three patients were studied. The table shows the full sequential diagnosis, details of previous surgery, and anthropometric data for each patient. There was left atrial isomerism with complex intracardiac anomalies precluding a biventricular repair in all of the patients. Two had undergone previous aortic-to- Figure 6 shows that the cavity size was much reduced during the prolonged Valsalva manoeuvre in each of the patients. In the patient illustrated there was a dilated cavity with very incoordinate wall motion; cavity dimensions and basal wall motion were normal in the other patient. The end diastolic cavity dimension fell by 7 and 13 mm respectively during a prolonged Valsalva manoeuvre. Doppler inflow velocities recorded across the common atrioventricular valve were reduced in both, suggesting reduced flow. The ratio of the A wave to the E wave was unchanged, however.
Discussion
The total cavopulmonary shunt operation is an extracardiac procedure that provides a physiological "correction" of the circulation in children with complex congenital heart disease. It is usually performed when there is an interrupted inferior vena cava with return of venous blood from the lower body via an azygos or hemiazygos continuation to a superior vena cava. There is usually isomerism of the left atrial appendages with complex associated intracardiac anomalies that preclude a biventricular repair in these patients.
Anastomosis ofthe distal superior vena cava (or venae cavae) end to side with the pulmonary artery thus directs most of the systemic venous return to the pulmonary vascular bed. Unlike the Fontan operation or its modifications,4 5 the right atrium and ventricle are completely bypassed. There is therefore a unique opportunity to examine the factors that may influence pulmonary blood flow when there is no pumping chamber in the pathway between the systemic veins and the pulmonary artery.
It is clear from our study that respiratory movements have a major influence on pulmonary blood flow in these patients. At rest the flow in the superior vena cava towards the lungs is synchronous with and increased by inspiration.
It is likely that the negative intrathoracic pressure generated during normal inspiration draws blood from the systemic venous reservoir towards the lungs. Certainly, this flow is considerably increased during the Mueller manoeuvre, when a much larger negative intrathoracic pressure is generated. When respiration was suspended at end expiration the respiratory variation in pulmonary blood flow, not surprisingly, was lost. In one patient there was continuous low velocity flow with no phasic element. In the other two, however, there was a Figure 6 M group.bmj.com on September 22, 2017 -Published by http://heart.bmj.com/ Downloaded from phasic variation with the cardiac cycle. Flow towards the lungs occurred predominantly during ventricular systole, but in one of the patients there was a biphasic flow pattern with an increase in flow velocity occurring with atrial systole (fig 3) . This latter observation confirms the findings of Miura and coworkers,3 in the only other study of pulmonary blood flow in these patients. The effect of respiration was not specifically examined, but in their two patients examined after total cavopulmonary shunt operation there was a biphasic pattern of pulmonary blood flow at held end expiration. A biphasic pattern of pulmonary blood flow has also been shown in patients after the Fontan operation." Similarly, the effects of respiration have not been specifically examined in these patients, but there is some evidence that pulmonary blood flow increases during inspiration in patients with an atriopulmonary anastomosis. 9 There was an important, and potentially clinically significant, effect of the Valsalva manoeuvre in our patients. With a brief increase in intrathoracic pressure to 25 cmH20 there was a reversal of flow in the superior vena cava. That is, blood flowed away from the lungs. With the sustained Valsalva manoeuvre, spontaneous blood flow towards the lungs was abolished. There was, instead, a small amount of forward flow with each ventricular systole (fig 6) . The considerable reduction in ventricular cavity size during this manoeuvre presumably reflects this reduction in pulmonary blood flow. The exact mechanism responsible for this pattern of flow is unknown, however. It is possible that it reflects the effects of a raised systemic venous pressure with an additional pulsatile element imposed by ventricular systole. Thus there is transmission of the arterial pulse to the venous system which overcomes the effects ofthe raised intrathoracic pressure-that is, blood is being pushed into the lungs. Alternatively, this pattern may occur as a consequence of a fixed intrathoracic volume. During ventricular systole blood leaves the thorax and so must be replaced, either from the hepatic veins (a limited blood reservoir) or via the systemic veins. We speculate therefore that this flow pattern may reflect physiology similar to that of the x descent of the jugular venous pressure pulse, flow in the pulmonary artery occurring during ventricular systole-that is, the blood is "pulled" into the lungs.
Whatever the mechanism these findings may have important clinical implications. In the immediate postoperative period these patients require positive pressure ventilation during their recovery from operation. It is likely that any increase in mean airway pressure will decrease pulmonary blood flow. Indeed an important reduction in cardiac output with increasing values of positive end expiratory pressure has been shown in patients immediately after the Fontan operation.'0 It is therefore important to maintain the mean airway pressure as low as possible during the postoperative period in these patients. An alternative strategy might be to ventilate these patients with a negative extrathoracic pressure device. Our preliminary data suggest that this mode of ventilation may have two potential advantages. Firstly, the detrimental effects of positive pressure ventilation may be avoided. Secondly, because negative intrathoracic pressure is generated, pulmonary blood flow is augmented."
In summary, pulmonary blood flow in patients after a total cavopulmonary shunt procedure is much influenced by respiratory movements. There is increased flow during normal inspiration, and this is augmented during the Mueller manoeuvre. The Valsalva manoeuvre, by producing a positive intrathoracic pressure, leads to a clinically significant reduction in pulmonary blood flow.
